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PCongenital Heart Disease in the Adult
Ventilatory Efficiency and Aerobic Capacity
Predict Event-Free Survival in Adults With Atrial
Repair for Complete Transposition of the Great Arteries
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Objectives The goal of this study was to assess the prognostic value of the cardiopulmonary exercise test (CPET) in patients
who received a Mustard and Senning (M/S) operation.
Background Patients who received an M/S operation have increased long-term risk of cardiovascular morbidity and mortality.
Limited information is available on how to stratify risk in this population.
Methods Between 1996 and 2007, 274 adults (age 26.3  8.9 years, range 16 to 50 years) who had received a Mustard
(n  144) or Senning (n  130) operation in infancy were studied with CPET. During a follow-up of 3.9  2.3
years (range 0.2 to 10.8 years), 12 patients died at an age of 36  14 years, and 46 patients required a
cardiac-related emergency (24 h from the onset of symptom/condition) hospital admission at an age of
30  11 years.
Results At multivariate Cox analysis, the slope of ventilation per unit of carbon dioxide output (VE/VCO2 slope) (hazard
ratio: 1.088, p  0.0001) and percentage of predicted peak oxygen uptake (VO2%) (hazard ratio: 0.979, p 
0.0136) were the strongest predictors of death/cardiac-related emergency hospital admission among demo-
graphic, clinical, and exercise variables. A VE/VCO2 slope 35.4 (hazard ratio: 10.7, 95% confidence interval
[CI]: 7.8 to 24.6), and a peak VO2% 52.3% (hazard ratio: 3.4, 95% CI: 2.5 to 8.2) were associated with an in-
creased 4-year risk of death/cardiac-related emergency hospital admission. Patients who had both a VE/VCO2
slope 35.4 and a peak VO2% 52.3% of predicted value were at highest risk (4-year event rate: 78.8%).
Conclusions CPET provides important prognostic information in adults with M/S operation. Subjects with enhanced ventila-
tory response to exercise or those with poor exercise capacity have a substantially higher 4-year risk of death/
cardiac-related emergency hospital admission. (J Am Coll Cardiol 2009;53:1548–55) © 2009 by the American
College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2009.02.005l
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rhe development of atrial redirection procedures repre-
ented by the Mustard and Senning (M/S) operations
evolutionized the care of patients with transposition of the
reat arteries (TGA) (1,2). Although these procedures have
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upport and honoraria from Actelion (United Kingdom), Encysive (United King-
om), and Schering (Germany).a
Manuscript received October 29, 2008; revised manuscript received January 27,
009, accepted February 3, 2009.argely been superseded by the arterial switch operation,
here remains a large cohort of young adults who underwent
trial redirection in childhood. There are a number of
oncerns regarding the long-term outcome in this patient
roup. Baffle obstruction (3), dysfunction of the systemic
ight ventricle (RV) (4), exercise intolerance (5,6), and
ncreased risk of arrhythmia and sudden death (7) have all
een reported.
See page 1556
As a consequence of these, patients with M/S repair for
GA are at increased risk of premature death. Most
ecent series show that about 75% to 90% of patients are
live 25 years after the operation (8). Most deaths seem to
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April 28, 2009:1548–55 CPET and Prognosis After Atrial Repair for TGAe related to progressive heart failure (HF) and sudden
eath (9).
Peak oxygen uptake (VO2) has been the first cardiopul-
onary exercise test (CPET) variable to demonstrate prog-
ostic value (10) in adults with HF related to acquired heart
isease. It remains today the most frequently analyzed
ariable in clinical practice. However, more recently, several
nvestigations have shown that ventilatory efficiency, typi-
ally expressed as the minute ventilation/carbon dioxide
roduction (VE/VCO2) slope, is an even stronger prognos-
ic marker in patients with HF (11,12).
Cardiopulmonary exercise testing has been used in M/S
atients for the quantification of exercise intolerance (13),
ut the ability of CPET as a prognostic index in this
opulation has never been assessed. Identification of the
ighest risk M/S patients has the clear potential to assist in
linical decision-making (e.g., by intensified medical ther-
py or ultimately heart transplantation). Although recent
nvestigations have shown that VE/VCO2 slope and heart
ate (HR) reserve may have a prognostic value in the overall
roup of adults with noncyanotic congenital heart disease
14,15), disease- and operation-specific data are unavailable,
herefore limiting the clinical applicability of such finding.
The purpose of the present study was, thus, to assess the
otential value of CPET to predict clinically significant
ardiovascular end points in adult M/S patients.
ethods
his study was designed as a multicenter retrospective
nvestigation. Across the 4 institutions involved in the
resent study, all M/S patients who are able to exercise
outinely undergo CPET as part of clinical follow-up. All
onsecutive M/S patients with an age at test 16 years who
nderwent a CPET between March 1996 and May 2007
ere included. The study consisted of 274 patients with a
ean age of 26.3  8.9 years (range 16 to 50 years). The
nderlying congenital heart lesion was classified as simple
ersus complex TGA according to the absence or presence
f an associated ventricular septal defect. Patients with left
r right ventricular outflow tract obstruction were excluded
rom the present study. Informed consent was obtained
rom all patients before undergoing exercise testing. The
nstitutional committees on human research approved the
resent retrospective study.
ollow-up and analysis of survival status and hospital-
zation. The end point of the study was a combination of
ortality and emergency cardiac-related hospital admission.
ll-cause mortality was used as the end point to eliminate
ny possibility of bias arising from incorrect classification of
ause of death. Cardiac-related hospital admission was
efined as any admission directly caused by failure of the
ardiac system needing inpatient care to correct. Examples
f cardiac admissions are symptomatic cardiac arrhythmias
nd decompensated HF. Emergency admission was defined
s an admission occurring within 24 h of onset of symptom/ dondition. Subjects in whom hos-
italization was of a noncardiac
ause, or admission was delayed
or24 h from the onset of symp-
oms, were treated as censored
ases. Patients who underwent
lective heart transplantation or
lective cardiac surgery were
reated as censored cases, and
ollow-up was censored at the time
f the operation.
After the exercise tests, all pa-
ients were regularly followed up
or cardiac-related events at their
espective institutions, which
rovided for the highest likeli-
ood that all events were cap-
ured. Additionally, patients’
edical records were reviewed to
bstract the dates, timing of, and
edical reasons for hospitaliza-
ion and their survival status.
urvival status was further ascertained from phone inter-
iews with patients’ primary care physicians.
ardiopulmonary exercise test. Exercise tests were per-
ormed on an electronically braked ergometer cycle (n 
06) or on a treadmill (n  68). Carbon dioxide
limination, VO2, and minute ventilation were measured
ith a computerized breath-by-breath analyzer. Patients
nd controls performed a maximal exercise test using an
ncremental protocol that allowed reaching exhaustion in
pproximately 10 min of exercise. Criterion for test
nding was considered patient exhaustion with a respira-
ory exchange ratio 1.09. A 12-lead electrocardiogram
nd transcutaneous oxygen saturation were also continu-
usly monitored throughout the study, and cuff blood
ressure was determined manually every 2 min. The
echnical details of measurement of peak VO2 and VE/
CO2 slope were previously published (16). Resting HR
as measured after at least 2 min of complete rest in a
eated position, and peak HR was defined as the maximal
R achieved during exercise. Predicted maximum HR was
stimated according to the Astrand formula (220  age)
17). Heart rate reserve was calculated as the difference
etween peak and resting HR (14). None of the patients
ad known coronary artery disease or inability to exercise for
ther reasons. Before exertion, a spirometric measurement
as performed to assess forced vital capacity, and forced
xpired volume in the first second. Standard equations were
sed to generate predicted values for baseline spirometric
nd peak exercise parameters (18). Because of age-related
ifferences of normal peak VO2 when expressed in ml
2/kg/min in a patient cohort with a large age range,
eak VO2 was expressed as percent of predicted. Cyanosis
as defined as arterial blood saturation 90% at rest or
Abbreviations
and Acronyms
CPET  cardiopulmonary
exercise test
HF  heart failure
HR  heart rate
M/S  Mustard and
Senning
PH  pulmonary
hypertension
ROC  receiver-operator
characteristic
RV  systemic right
ventricle
TGA  transposition of the
great arteries
VE/VCO2  minute
ventilation/carbon dioxide
production
VO2  oxygen uptakeuring exercise (15).
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CPET and Prognosis After Atrial Repair for TGA April 28, 2009:1548–55ssessment of RV function, tricuspid regurgitation, pul-
onary arterial hypertension, and baffle status. Right
entricular function was semiquantitatively estimated by
chocardiography from parasternal long- and short-axis
iews and from an apical 4-chamber view. It was quantified
s normal, mildly impaired, moderately impaired, or se-
erely impaired. Tricuspid regurgitation was semiquantita-
ively estimated by echocardiography from the apical 4- and
-chamber views and was reported as absent/trivial, mild,
oderate, or severe. The presence of pulmonary hyperten-
ion (PH) was estimated either by right heart catheteriza-
ion (mean pulmonary arterial pressure 25 mm Hg) or by
chocardiography (right ventricular systolic pressure 50
m Hg, calculated using the modified Bernoulli equation
rom tricuspid regurgitation jet velocity). Baffle status was
outinely assessed by transthoracic echocardiography. Pa-
ients with suspected baffle stenosis or residual leak were
ssessed with cardiac magnetic resonance imaging or cardiac
atheterization.
tatistical analysis. Values are presented as mean  SD or
(%) as appropriate. Comparisons between subgroups were
erformed by unpaired t or chi-square tests, as appropriate.
he prognostic value of different demographic and exercise
ariables (age at CPET, type of atrial switch procedure,
resence of pacemaker, VE/VCO2 slope, peak VO2%, and
R reserve) was assessed with univariate and multivariate
ox analyses. The hazard ratio with 2-sided 95% confidence
nterval (CI) is given. Receiver-operator characteristic
ROC) curve analysis was used to identify the cutoff value of
E/VCO2 slope and of the peak VO2% associated with
orse outcome, using data censored at 4-year follow-up.
he cutoff value was chosen according to the highest
ikelihood ratio. Kaplan-Meier survival charts were gener-
ted to determine a difference in mortality/cardiac-related
mergency hospital admission rate between subjects above
r below the cutoff values identified. The log-rank test was
sed to determine differences in event-free survival between
atients above or below the cutoff values. The effect of
ifferent demographic (age at operation, age at CPET, type
f atrial switch procedure, and presence of pacemaker),
emodynamic (presence of PH, and RV function), and
xercise variables (HR reserve) on VE/VCO2 slope and
eak VO2% was assessed by single and multiple regression.
2-tailed probability value 0.05 was used as the criterion
or statistical significance.
esults
he baseline characteristics of the 274 M/S patients in-
luded in this study are presented in Table 1. One hundred
eventy-seven patients (64%) were males. Simple TGA was
iagnosed in 217 patients (79.2%). Patients with a Mustard
peration (n  144) were significantly older at the time of
he atrial switch operation (35  37 months vs. 29  32
onths, p  0.017) and at the time of CPET (28.0  8.7ears vs. 24.4  8.8 years, p  0.0006) than patients with a henning operation (n  130), whereas the prevalence of
atients requiring a permanent pacemaker was similar (9.7%
s. 7.7%, p  0.670). No patient was cyanotic at rest. Nine
atients (3%) had cyanosis during or at peak exercise.
utcome. Follow-up was complete for all patients. At an
verage follow-up of 3.9  2.3 years (range 0.2 to 10.8 years),
8 patients (21%) reached the composite end point of death or
ardiac-related emergency hospital admission (Fig. 1). The
nnual event rate for the composite end point was 5.9%. The
nnual death rate was 1.1%. In detail, 12 patients (4.4%) died
t a mean age of 36 14 years (range 18 to 50 years), whereas
6 patients (16.8%) needed emergency hospital admission at a
ean age of 30  11 years (range 16 to 47 years). Causes of
haracteristics of the Study Cohort
Table 1 Characteristics of the Study Cohort
Variable
All Study
Cohort
(n  274)
Death/Hospital
Admission
(n  58)
Male sex, n (%) 177 (64.6) 20 (34.5)
Type of surgery, n (%)
Mustard 144 (52.5) 45 (77.6)
Senning 130 (47.5) 13 (22.4)
Ventricular septal defect, n (%) 57 (20.8) 28 (48.3)
Age at repair, months 32 38 40 39
Age at test, yrs 26.3 8.9 29.5 11.4
Cardiac rhythm, n (%)
Sinus 225 (82.1) 27 (46.5)
Atrial fibrillation/flutter 25 (9.1) 18 (31.0)
Pacemaker 24 (8.8) 13 (22.5)
Pulmonary hypertension, n (%) 29 (10.6) 20 (34.5)
Tricuspid regurgitation, n (%)
Absent/trivial 31 (11.3) 15 (25.9)
Mild 186 (67.9) 12 (20.7)
Moderate 38 (13.9) 19 (32.7)
Severe 19 (6.9) 12 (20.7)
Right ventricular function, n (%)
Normal 103 (37.6) 10 (17.2)
Mildly impaired 111 (40.5) 16 (27.6)
Moderately impaired 47 (17.2) 25 (43.1)
Severely impaired 14 (4.7) 7 (12.1)
Atrial baffle status, n (%)
Systemic venous baffle stenosis 9 (3.3) 4 (6.9)
Pulmonary venous baffle stenosis — —
Residual leak 1 (0.4) 1 (1.7)
Peak oxygen consumption
ml O2/kg/min 25.5 7.9 20.8 6.5
% of predicted 65.9 19.7 54.3 17.5
VE/VCO2 slope 33.4 7.8 42.0 6.7
Peak systolic blood pressure, mm Hg 153 27 135 22
Heart rate reserve, % 0.81 0.14 0.74 0.18
Vital capacity, l 3.6 1.1 3.0 1.0
Forced expired volume in the first second, l/s 3.0 0.9 2.6 0.9
Patients on medications, n (%)
Angiotensin-converting enzyme inhibitors 52 (19.0) 13 (22.4)
Beta-blockers 23 (8.4) 9 (15.5)
Antiarrhythmic agents 22 (8.0) 7 (12.1)
E/VCO2  minute ventilation/carbon dioxide production.ospital admission were decompensated HF requiring intrave-
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April 28, 2009:1548–55 CPET and Prognosis After Atrial Repair for TGAous therapy in 27 patients (no documented arrhythmia at
resentation in 16), paroxysmal arrhythmias in 16 patients
atrial in 7 and ventricular in 9), and unexplained syncope in 3
atients.
As a result of the CPET, 5 patients were listed for
eart transplantation, 3 patients underwent diagnostic
ardiac catheterization, 2 patients underwent tricuspid
alve replacement, 2 patients received a biventricular
acemaker, and 1 patient underwent a DDD pacemaker
mplantation because of exercise-induced complete atrio-
entricular block. In 3 of the 9 patients with baffle
Figure 1 Kaplan-Meier Survival Curves for Freedom From Death
Figure 2 Kaplan-Meier Survival Curves for Freedom From Death
Hospital Admission in Patients With a Mustard (n  144)tenosis, the stenosis was considered to be hemodynam-
cally significant. These 3 patients underwent surgical
n  1) or catheter-based (n  2) relief of the stenosis.
ne patient had a residual baffle leak, and the leak was
losed percutaneously.
redictors of mortality and emergency hospital admis-
ion. In the univariate analysis, Mustard operation (Fig. 2),
reater age at CPET, presence of an implanted pacemaker,
E/VCO2 slope, peak VO2%, and HR reserve were all
ssociated with an increased risk of death/cardiac-related
mergency hospital admission (Table 2).
From Cardiac-Related Emergency Hospital Admission
diac-Related Emergency/Car
Versus Senning (n  130) Operation
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CPET and Prognosis After Atrial Repair for TGA April 28, 2009:1548–55In the multivariate analysis that included all univariate
redictors, the VE/VCO2 slope was the strongest pre-
ictor of the composite end point (Table 2). Peak VO2%
dded significant prognostic value and was retained in the
odel.
Although the statistics on peak VO2% were significant,
he VE/VCO2-based system appeared to be superior, as
ndicated by differences in Wald chi-square (60.8 for VE/
CO2 slope vs. 3.2 for peak VO2%). After we plotted the
nnual event rate according to VE/VCO2 slope and peak
O2% quartiles, subjects in the lowest quartile of VE/VCO2
emonstrated a favorable prognosis, irrespective of peak
O2% (Fig. 3). Furthermore, the trends for increasing event
ates were more apparent as the VE/VCO2 slope increased,
ompared with decreasing peak VO2%. Although the num-
er of subjects per subgroup was relatively small, the highest
vent rate was observed in subjects in the highest VE/VCO2
lope quartile and in the lowest peak VO2% quartile. The
nivariate and Multivariate Predictors ofeath/Cardiac-Rela ed Em rgency Ho pital Admission
Table 2 Univariate and Multivariate Predictors ofDeath/Cardiac-Related Emergency Hospital Admission
Hazard Ratio 95% CI p Value
Single-variable analysis
Senning operation 0.314 0.169–0.583 0.0002
Pacemaker 1.287 1.155–1.532 0.0001
Age at CPET 1.043 1.017–1.070 0.0013
VE/VCO2 slope 1.091 1.074–1.108 0.0001
Peak VO2% 0.960 0.946–0.974 0.0001
Heart rate reserve 0.034 0.008–0.141 0.0001
Multivariable analysis
VE/VCO2 slope 1.088 1.060–1.116 0.0001
Peak VO2% 0.979 0.962–0.996 0.0136
I  confidence interval; CPET  cardiopulmonary exercise test; VCO2  carbon dioxide output;
E  minute ventilation; VO2  oxygen uptake.
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Figure 3 Annual Risk of Death/Cardiac-Related Emergency
Hospital Admission According to VE/VCO2 Slope and
VCO  carbon dioxide output; VE  minute ventilation; VO %  percentage of pre2 2ombination of the prognostic information provided by
E/VCO2 slope and peak VO2% appeared to be additional
nd therefore superior to that provided by each single
redictor when considered alone.
utoff values of VE/VCO2 slope and peak VO2% associ-
ted with increased 4-year cumulative event rate. At a
-year follow-up, 52 of the 174 patients (29.9%) had died
n  11) or had an emergency hospital admission (n  41).
t ROC analysis, a VE/VCO2 slope35.4 had the highest
ensitivity and specificity to predict 4-year mortality/
ardiac-related emergency hospital admission (sensitivity:
1%; 95% CI: 69% to 91%; specificity: 83%; 95% CI: 75%
o 89%). Patients with a VE/VCO2 slope 35.4 were older
t M/S operation (37  35 months vs. 30  31 months,
 0.0402), had more PH (23.1% vs. 3.4%, p  0.0001),
nd had more advanced RV dysfunction (p  0.0001) than
atients with a VE/VCO2 slope 35.4, whereas the prev-
lence of Mustard operation (64.2% vs. 60.7%, p  0.748),
nd the age at CPET (27.5  10.0 years vs. 26.6  8.4
ears, p  0.402) was similar.
A second ROC curve analysis for peak VO2% revealed
hat a peak VO2% 52.3% of predicted value had the
ighest sensitivity and specificity to predict 4-year
ortality/cardiac-related emergency hospital admission
sensitivity: 76%; 95% CI: 63% to 85%; specificity: 72%;
5% CI: 62% to 80%). Combining the information pro-
ided by VE/VCO2 slope and peak VO2% cutoff values, we
ere able to stratify patients into 4 different risk groups,
ith those with VE/VCO2 slope 35.4 and a peak VO2%
52.3% of predicted value being at very high risk (4-year
vent rate: 78.8%) (Fig. 4).
eterminants of peak VO2% and VE/VCO2 slope. Re-
uced peak VO2% was associated with Mustard operation
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April 28, 2009:1548–55 CPET and Prognosis After Atrial Repair for TGAr  0.149, p  0.014), higher age at test (r  0.304,
 0.0001), reduced HR reserve (r  0.365, p 
.0001), presence of pacemaker (r  0.235, p 
.0001), RV dysfunction (r  0.177, p  0.007), and
resence of PH (r  0.199, p  0.002).
A higher VE/VCO2 slope was associated with Mustard
peration (r  0.133, p  0.025), higher age at operation
r  0.156, p  0.004), higher age at test (r  0.095, p 
.009), reduced peak VO2% (r  0.624, p  0.0001),
educed HR reserve (r  0.236, p  0.0001), RV
ysfunction (r  0.265, p  0.0001), and presence of PH
r 0.416, p 0.0001). At multivariable analysis, VE/VCO2
lope was related to peak VO2% (p  0.0001), presence of
H (p  0.0001), and RV dysfunction (p  0.017).
iscussion
rognostic value of VE/VCO2 slope and peak VO2%.
he present investigation demonstrates that in M/S pa-
ients, CPET is a valuable prognostic tool. In particular, we
ould demonstrate that M/S patients with a VE/VCO2
lope 35.4 or those with a peak VO2% 52.3% of
redicted value have a substantially higher risk of death or
ardiac-related emergency hospital admission, even after
ccounting for age and type of atrial repair. In contrast with
he adult with acquired heart disease population, the knowl-
dge about the prognostic value of CPET in adults with
ongenital heart disease is very limited (14–16). The Royal
rompton group reported in a large group of patients with
arious forms of congenital heart disease that peak VO2 was
Figure 4 Kaplan-Meier Estimates of Freedom From Death/Eme
Admission Among M/S Patients Stratified by Combina
M/S  Mustard and Senning operation; other abbreviations as in Figure 3.n independent predictor of outcome in the medium term
xpressed as death or hospitalization (14). In that study,
atients with a peak VO2 15.5 ml/kg/min demonstrated a
.9-fold increased risk of hospital admission or death
ompared with patients with a peak VO2 15.5 ml/kg/min.
imopoulos et al. (15) from the same group also reported
hat a VE/VCO2 slope 38 identified noncyanotic patients
t higher risk of death in the midterm. These findings were
upported by a more recent report confirming the prognos-
ic value of VE/VCO2 slope in a large group of adults with
arious congenital heart defects (16). However, since all
revious studies have included patients with different underly-
ng anatomy and physiopathology, disease- and operation-
pecific data are unavailable, therefore limiting the clinical
pplicability of such findings.
omparison of prognostic value of peak VO2 and VE/
CO2 slope. Since the original report of Mancini et al.
10), peak VO2 has gained considerable notoriety in the HF
opulation as a valuable prognostic marker and has been
sed extensively in clinical practice to identify candidates for
eart transplantation. More recently, however, VE/VCO2
lope has emerged as a potentially superior prognostic marker
ompared with peak VO2 (11). As a consequence of its
ecognition as a potentially important clinical tool, calculation
f VE/VCO2 slope has become an integral part of CPET in
ost physiology laboratories. Indeed, VE/VCO2 slope is now
eadily derived by commercial CPET software packages that
perate present-day ventilatory expired gas units, which makes
ts clinical application as feasible as that of peak VO2.
y Cardiac-Related Hospital
of VE/VCO2 Slope and Peak VO2%rgenc
tion
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CPET and Prognosis After Atrial Repair for TGA April 28, 2009:1548–55The present study demonstrates that there is an associa-
ion between VE/VCO2 slope and prognosis across a wide
pectrum of HF severity and suggests the superiority of
E/VCO2 slope over peak VO2 for assessing prognosis in
dults with the M/S operation. Interestingly, we observed
hat, as previously seen in the adult HF population (12), this
ariable holds prognostic significance even when overall
xercise performance is not severely compromised. A pri-
ary reason for this discrepancy may be the dependence of
eak VO2 on subject effort for optimal prognostic value,
hereas the VE/VCO2 slope is largely effort-independent
19). The data from the present study are consistent with
he 2 recent reports supporting a higher prognostic value of
E/VCO2 slope when compared with peak VO2 in adults
ith various forms of congenital heart disease (15,16). We
dvocate introducing VE/VCO2 slope and peak VO2% in
he risk assessment of adults with M/S operation and the
tilization of the cutoff values identified in the present
tudy.
echanisms of increased VE/VCO2 slope and insights
n VE/VCO2 slope prognostic value. The reasons for
ncreased VE/VCO2 slope in adults with M/S operations
ave not been previously examined. In the present study,
igher VE/VCO2 slope was associated with presence of
H, RV dysfunction, and reduced exercise capacity.
Several investigations have examined the correlation be-
ween VE/VCO2 slope and other markers of pathophysiol-
gy associated with HF. In these studies, increasing VE/
CO2 slopes were related to progressively worsening
emodynamics, perfusion/ventilation mismatch, increased
hemoreceptor and ergoreceptor activation, and decreased
R variability (20–22). All of these abnormalities are
allmarks of chronic HF syndrome and have been identified
s such in the broad group of adults with congenital heart
isease (23). Therefore, the increasingly worse prognosis as
he VE/VCO2 slope increased in the present study likely
eflects greater cardiovascular dysfunction compared with
ndividuals with lower VE/VCO2 slope responses. In par-
icular, a previous study showed that PH and cyanosis are
ssociated with increased VE/VCO2 slope in adults with
ongenital heart disease (15). Abnormally elevated VE/
CO2 slopes have also been found in patients with primary
H who usually do not show arterial desaturation during
xercise (24). In this setting, it is thought that ventilation/
erfusion mismatch related to PH is responsible for signif-
cant gas exchange inefficiency (24). It is likely that the same
nderlying hemodynamic abnormality (e.g., PH) is respon-
ible for elevation of VE/VCO2 slope in adults with M/S
peration. Cyanosis has been demonstrated as an important
eterminant of VE/VCO2 slope (15). However, the low
revalence of cyanosis during exercise observed in the
resent study seems to rule out a role of cyanosis in the
levation of VE/VCO2 slope.
F and arrhythmias in adults withM/S operation. Classically,
PET is considered unable to predict arrhythmic events indults with HF (18). However, approximately one-quarter rf the emergency cardiac-related hospital admissions in the
resent study were related to the occurrence of cardiac
rrhythmias. This is likely related to the fact that for M/S
atients, arrhythmias, as well as HF symptoms, are related
o the unique myocardial substrate created by surgical scars
n conjunction with abnormal pressure/volume loads of long
uration, and RV dysfunction (25). Indeed, HF and cardiac
rrhythmias are related to the same underlying substrate,
ossibly explaining why CPET is able to identify patients at
isk of cardiac arrhythmias.
tudy limitations. The adult congenital heart disease pop-
lation studied here represents the current workload of
ertiary centers. Therefore, we cannot exclude the possibility
hat the population studied represents a biased sample,
avoring patients with more symptoms and lower perceived
unctional capacity.
An obvious limitation of the present study is that CPET
as performed on an ergometer cycle in 75.2% of patients
nd on a treadmill in 24.8%. Treadmill exercise testing is
nown to produce slightly higher values of peak VO2 when
ompared to an ergometer cycle because of a higher number
f muscles that are exercised during the test (18). This
ight have produced slightly higher values of peak VO2 in
he group of patients exercised by means of a treadmill.
hese higher values of peak VO2 might not translate into
mproved outcome when compared to slightly lower peak
O2 values obtained by subjects who exercised on a cycle.
his issue might also be partly responsible for the overall
ower sensitivity and specificity of peak VO2 in predicting
he study end points. However, very similar results to those
resented in the study, and very similar peak VO2 and
E/VCO2 slope cutoff values (51.4% and 35.8, respectively)
ere observed when those patients who exercised on a
readmill were excluded from the analysis.
We are aware that cutoff selection using ROC analysis
ight be associated with an increased type I error. This
hould be taken into account when interpreting the cutoff
alues proposed. Larger, prospective studies with longer
ollow-up may identify additional factors that impact on
E/VCO2 slope and on peak VO2, and thus on outcome,
nd examine the potential effects of physical conditioning in
his patient group.
Follow-up length was limited to 3.9  2.3 years in the
resent study. Despite that, the number of events recorded
as sufficient for meaningful prognostic interpretation of
he value of CPET in patients with M/S operation.
onclusion
he CPET provides important prognostic information in
dults with M/S operation. Subjects with a VE/VCO2 slope
35.4 or those with a peak VO2 52.3% of predicted value
ave a substantially higher 4-year risk of death or cardiac-
elated emergency hospital admission combined.
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